ABSTRACT In this paper, we investigate the performance of the spatial-temporal zero-forcing linear equalizer architectures for a single-carrier Massive MIMO uplink system under frequency-selective fading environment. We establish relationships between the choosing equalizer length D and the system performance in terms of system degrees of freedom and signal-to-interference plus noise ratio (SINR). We also present how system parameters (number of antennas M and the transmit signal-to-noise ratio) impact the system performance differently for both single-cell systems and multi-cell systems with perfect and imperfect channel state information. Furthermore, we show that the probability density function (PDF) of the SINR can be accurately approximated as a Gamma distribution by using the moment matching method. Then, closed-form expressions of the ergodic rate and the outage probability are derived based on the PDF of the SINR.
I. INTRODUCTION
''Massive MIMO'' systems, employing very large antenna arrays at the base station (BS) and serving multiple users simultaneously, have drawn a lot of attentions in recent years for their energy and spectrum efficiency [1] . Thus far, the majority of Massive MIMO investigations have facilitated the use of the simple linear combining techniques. A large number of researches exist on the performance of such techniques in Massive MIMO [2] , [3] . Ngo et al. [4] derived closed-form expressions for the ergodic channel capacity and outage probability of a multi-user SIMO system with perfect channel state information (CSI) and gave the lower bound of the achievable capacity for multi-cell systems in [5] . Li et al. [6] and Krishnan et al. [7] derived the per user average data rate and the asymptotic SINR under pilot contamination. Lim et al. [8] gave a sum rate analysis of users at the cell-boundary while Liang et al. [9] and Jose et al. [10] analyzed the statistics for both intercell and intracell interference.
Most of the investigations on Massive MIMO systems have only been carried out for narrowband flat fading channels [4] , [10] . For wideband channels, typically multi-carrier techniques (e.g. orthogonal frequency-division multiplexing (OFDM)) are assumed. However, there are several disadvantages for OFDM technique to be applied in Massive MIMO system. First of all, when serving multiple users simultaneously with many subcarriers, OFDM systems are known to experience severe PAPR (peak-to-average power ratio) problem, which demands wide linear range of the RF power amplifiers and reduces the transmitter power efficiency [11] . Secondly, the computational complexity of Massive MIMO systems applying OFDM is high as additional FFT/IFFT blocks are needed for data stream from each RF chain. Moreover, the insertion of cyclic prefix in OFDM symbol will cause loss of spectrum and power efficiency. Lastly, multi-carrier systems are known to be more sensitive to phase and carrier frequency offsets than single carrier systems are [12] , [13] .
In this paper, we consider single-carrier uplink systems which can overcome all the disadvantages mentioned above of OFDM systems. It is well-known that transmitting singlecarrier signals over wideband channels leads to intersymbol interference (ISI). For Massive MIMO systems experiencing ISI, the complexity of implementing optimal maximum likelihood sequence detection is prohibitive thus suboptimal low-complexity detection schemes are more realistic. To mitigate ISI in single-carrier Massive MIMO systems, a timereversal MRC (TR-MRC) strategy has been proposed for the uplink systems Pitarokoilis et al. [12] . While TR-MRC has been shown to be optimal for low SNR regime, spatial-temporal (ST) linear equalizers (LE) such as ZF and MMSE, are much more effective on suppressing multi-user interference (MUI) under high SNR regime albeit high computational complexity [14] . Though the MMSE-LE can achieve optimal SINR [15] among all LEs, it requires additional channel information (e.g. noise power) in contrast to ZF-LE. Additionally, it is extremely difficult to obtain exact closed-form analytical expressions of the performance for MMSE scheme due to the complex system model [16] . Therefore, in this paper, we choose to analyze the performance of the ZF scheme which approaches that of the MMSE scheme at high SNR regime and can be viewed as a lower bound of the latter one.
The contributions made in this paper are summarized as follows. 1) We consider a single carrier Massive MIMO uplink system applying the ST-ZF-LE architectures to eliminate ISI. 2) We establish a quantificational relationship between the ST-ZF-LE length D and the system performance in terms of degree of freedoms (DoFs) and system signal to interference plus noise ratio (SINR). 3) We investigate impacts of the length of training sequence, the number of antennas and the transmit SNR on the asymptotic SINR for both single-cell systems and multi-cell systems with perfect and imperfect channel state information (CSI). 4) We show that the probability distribution function (PDF) of the SINR under each scenario can be accurately approximated as a Gamma distribution by applying moment matching method (MMM). 5) We derive closed-form expressions of the ergodic rate and outage probability for each scenario.
The rest of this paper is organized as follows: Section II presents the Massive MIMO system model under frequency selective fading channel. Section III develops the structure of the ST-LE with arbitrary LE length. Section IV analyzes the ST-LE performance applying ZF scheme for both single-cell and multi-cell systems. Section V presents the simulation results and show the effectiveness of our derivation. Section VI summarizes our findings and concludes the paper.
Notation: We use boldface (lower) to represent vectors and (upper) to represent matrices. A(m, k) denotes the entry on the mth row and kth column of matrix A. The superscripts T , H and −1 stand for the transpose, conjugate-transpose and inverse. a stands for rounding up to the nearest integer and a stands for rounding down to the nearest integer. min(A, B) and max(A, B) represents functions selecting the minimum (maximum) value between A and B. |·| and · stand for norm and vector-norm and ⊗ denotes the Kronecker product. I M is the M dimension identity matrix,Â andâ stand for the estimations of A and a, Var [·] represents the variance and the expectation operation is denoted by E [·] . For distributions, Gamma (k, θ) represents a Gamma distribution with shape parameter k and scale parameter θ and CN µ, σ 2 stands for a complex Gaussian distribution with mean µ and variance σ 2 .
II. SYSTEM MODEL
We consider a single-carrier Massive MIMO uplink system which consists of one base station (BS) with M antennas and K synchronized single-antenna active users. The channel between each user and the BS follows frequency selective fading which is modeled as a finite impulse response (FIR) filter with L taps. Throughout the paper, we assume long enough coherence time and a Massive MIMO system such that M ≥ LK 1. The nth received symbol vector can be written as the convolution between the transmitted symbols and the L-tap channel impulse responses such that
where G l represents the M × K matrix of the lth channel tap coefficients; P is a diagonal matrix with the ith diagonal element p i denoting the transmit power of the ith user; x(n) is the K × 1 symbol vector transmitted at time interval n with E x(n)x(n) H = I K ; and n(n) is the zero mean complex Gaussian noise vector with covariance matrix σ 2 I M . {G l } are typically modeled as the product of a large-scale fading (path loss and shadow fading) matrix and a small-scale fading matrix [1] :
where H l is an M × K matrix whose elements are assumed to be all independently complex Gaussian distributed with zero mean and unit variance which represent the small-scale fading coefficients. D l is a K × K diagonal matrix with the kth diagonal element β k,l which models the average power gain of the lth tap of the kth user and is fixed during a transmission frame. Without loss of generality, we assume that {β k,l , l = 1, . . . , L} are ordered in descending order and normalized for every user so that the average received power is independent of the length of the channel memory L. Therefore, we have
where α k accounts for the propagation path losses between user k and the BS, which is assumed to be constant during the transmission. Assuming that the ith user is the user of interest, we can rewrite Eq. (1) in a vector form as
+ n(n) (4) where g i,l is the M × 1 channel vector of the lth tap of the ith user in the cell as seen by the receiving BS and x i (n − l + 1) is the ith element (i.e., ith user symbol) of the symbol vector
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III. SPATIAL TEMPORAL LINEAR EQUALIZER ARCHITECTURE
To detect the symbol vector x(n − L + 1), a spatial-temporal linear equalizer (ST-LE) with an equalizer length D can be designed by stacking consecutive received symbol vectors. Thus, Eq. (1) can be rewritten as
where G is the equivalent DM ×(L +D−1)K channel matrix.
As different choice of D results in different equalizer structure as well as system performance, we consider two cases for a given channel length L: (1) Equalizer length is shorter than the channel length (D ≤ L) and (2) Equalizer length is longer than the channel length (D ≥ L).
D} which have the highest average power gain according to the channel model given in Eq. (2) . As a result,ỹ,x andñ are formed as
and we can write G as follows:
where
When D > L, the ST-LE is designed to collect power from all L taps. Without loss of generality, we assumeỹ,x and n are formed as
where N = (D − L)/2 and G can be written similarly as
For both cases, let F be the (L + D − 1)K × DM equalizer matrix which is obtained from G. Then, the estimate of x i (n − L + 1) can be written aŝ (14) where f i denotes the corresponding column of F which is designed to detect the desired user's symbol x i (n − L + 1).
IV. PERFORMANCE ANALYSIS
After introducing the ST-LE structure, we investigate the impact of system parameters (D, M , SNR and length of training sequence) on the performance of ST-ZF-LE in terms of DoFs (defined in Eq.(34)) and SINR in this section. Additionally, we apply the moment matching method (MMM) to show that the PDF of the SINR of the ST-ZF-LE can be accurately approximated as a Gamma distribution with both perfect and imperfect CSI. This derived PDF is then applied to the derivation of the system outage probability and ergodic rate. In the following, we develop our analysis for singlecell systems first, and then extend it to multi-cell systems to consider the impact of the intercell interference and pilot contamination.
A. SINGLE-CELL SYSTEMS WITH PERFECT CSI
We first investigate single-cell systems where the perfect channel state information (CSI) is available. In singlecell systems, multiuser interference (MUI) comes from co-channel users in the same cell. Thus, Eq. (1) is still valid:
According to channel model in (9) and (13), the ST-ZF-LE when D ≤ L is given by
where F L is a DM × K matrix whose ith column will be denoted as
Similarly, the ST-ZF-LE when D > L is given by
where F L+ N is a DM × K matrix whose ith column will be denoted as
Ideally, MUI and ISI are fully cancelled. Defining
the equalizer output for both cases can be jointly written aŝ
It is obvious that the ST-ZF-LE extracts the desired symbol among different taps and then combine all L e copies of x i (n − L + 1) to eventually form an estimate of x i (n − L + 1). From Eq. (20) , the instantaneous SINR of the desired symbol of the ith user is given by [17] 
For notation simplicity, we drop (L − 1)K and (L − N − 1)K in the subscript for the rest of the paper.
Due to the special Toeplitz structure of G, the exact statistics of γ i is intractable. However, in the limit of large number of antennas and users, the approximate statistic of γ i can be obtained with the help of the following proposition.
Proposition 1: Assuming perfect CSI at the BS in singlecell Massive MIMO uplink systems, the PDF of γ i for ST-ZF-LE can be approximated as a Gamma distribution with the shape parameter κ i and the scale parameter i given as follows:
where E l is defined as shown in Eq. (23), as shown at the bottom of this page, which is a monotonically decreasing
Proof: From Eq. (21),
stands for the orthogonal projection onto the column space of G −i . According to Appendix B, with excessive number of antennas and users, P i will tend to a diagonal matrix whose nth diagonal entry which represents the loss of dimensions due to the projection can be written as
To make the calculation of Eq. (25) 
Following the similar deriving steps as shown in Eq. (27) for D ≤ L and taking advantage of the matrix structure drawn in Fig. 2 , we reach the second line of Eq. (23) . Especially, when D ≥ (3L − 2) or equivalently N ≥ (L − 1), E l reaches its minimum as shown in the third line of Eq. (23) .
As a result of large number of antennas and users, we have
Then, Eq. (21) can be rewritten as
As a result, γ i can be asymptotically written as
where d → denotes convergence in distribution, which is the sum of L e independent Gamma distributions with the shape parameter and the scale parameter of the
Finding the exact distribution of the sum of independent Gamma distributions usually requires complicated recursive calculations except for equal {β j,l = β j , l = 1, · · · , L} [18] . To simplify the calculation, MMM is often used in literature to approximate the sum of Gamma distributions as a new Gamma distribution by matching their first and the second moments [19] . As the mean and variance of γ i are computed as 
To illustrate the accuracy and to gain more insights from our derivation, we follow the steps in [20] - [22] to consider a special case of our channel model, in which frequency selective fading with rectangular power delay profile (PDP) is assumed {β j,l = β j , l = 1, · · · , L}. As a result, the taps share the same β j . Thus, we have
is the shape parameter as well as system DoFs, θ = 
denotes the total loss of DoFs as a function of a non-
represents the harmonic series, ξ = 0.57721 stands for the EulerMascheroni constant and B k is the Bernoulli number.
The extra DoFs gained from increasing N by 1 (equivalently D by 2) is calculated as
Also, we have
as a supplement of Eq. (38) when N is not an integer. Taking the first derivative of Eq. (38) subject to N yields
which denotes that (N ) is a monotonically decreasing function of N and
Combining (37)-(41), the relationship between system DoFs and the equalizer length D is concluded in Remark 2 as follows.
Remark 2: For D ≤ L, the extra system DoFs gained from increasing D by 1 remains to be a constant M − K , which come from collecting the energy of different paths. For a special case of flat fading (D = L = 1), the total DoFs computed from Eq. (35) are M − K + 1, which agree with the conclusion in [23] . For (3L − 2) ≥ D ≥ L, the extra system DoFs gained from increasing N by 1 (or D by 2) equals (N ), a monotonically decreasing function of N which comes from eliminating interference. Asymptotically, the extra gained DoFs decay logarithmically in this region as N 1. For D = (3L − 2), the equalizer provides the maximum DoFs:
The minimum loss of DoFs are LK − 1, which coincide with the number of total interference sources. Also, no extra DoFs can be gained for D ≥ (3L − 2). The maximum ergodic SINR is readily obtained as:
B. SINGLE-CELL SYSTEMS WITH IMPERFECT CSI
In this section, we analyze the performance of the ST-ZF-LE in single-cell systems with imperfect CSI. We reveal how the channel estimation error impacts the SINR compared to the perfect CSI case. Additionally, we show that the SINR can still be approximated as a Gamma distribution, which is used later to derive the outage probability and the ergodic rate.
1) UPLINK CHANNEL ESTIMATION
In practice, the CSI is estimated at the BS based on the pilot symbols transmitted by the users. Under frequencyselective fading environment, the CSI can be obtained as in [24] :
where Y p denotes the received M × τ symbols, P τ is a LK × LK diagonal matrix which represents the training power, N is the M × τ noise matrix and 
τ is the noise matrix whose elements are zero mean with identical variance
For simplicity, we assume identical transmit power p τ per pilot symbol during the training phase of all users. Then P τ becomes a diagonal matrix with all diagonal elements equal to τ p τ . Thus, Eq. (46) can be written in vector form as
. Furthermore, from the properties of MMSE estimation,ĝ i,l and i,l are independent. Thusf i,l and i,l are asymptotically independent as well.
2) SPATIAL-TEMPORAL ZF LINEAR EQUALIZER
For imperfect CSI case, the ST-ZF-LE isF =Ĝ Ĝ HĜ −1 and the output symbol of the equalizer can be written as shown in Eq. (49), as shown at the bottom of this page. Then, the instantaneous SINR is given bŷ
H i,l j,l−n and j,l−n is nonzero within the range of 1 ≤ l − n ≤ L and zero otherwise.
Similar to perfect CSI case, MMM is again applied to imperfect CSI case to approximateγ i as a Gamma distribution. Asγ i follows a Gamma distribution, it can be claimed that
follows an Inverse-Gamma distribution whose relationship to the corresponding Gamma distribution is given in Theorem 1 of Appendix A. Therefore, instead of calculating the mean and variance ofγ i directly, we can use the statistics of Proposition 2: Assuming MMSE channel estimation at the BS in single-cell Massive MIMO uplink systems, the mean
and variance of
for ST-ZF-LE are given as 
where we assume the equal transmit and training power for all users and an accurate channel estimation such that
From Eq. (55), the asymptotic SINR increases linearly with M and transmit SNR. However, compared with perfect CSI case, the channel estimation error term results in a SINR loss which can only be eliminated by increasing the training length τ . Moreover, the SINR is a monotonically increasing function of D when 1 ≤ D ≤ (3L − 2), as the noise and the channel estimation error are independent of the equalizer structure.
C. MULTI-CELL SYSTEMS WITH PERFECT CSI
After investigating the simple single-cell systems, we now entend our analysis to the more realistic C-cell Massive MIMO systems where the intercell interference and the pilot contamination need to be taken into account. A pair of cells is shown in Fig. 3 as part of the multi-cell systems. Without loss of generality, we consider the qth (1 ≤ q ≤ C) cell as the cell of interest. Then (1) can be rewritten as a multi-cell version as shown in (56).
In the following, we first analyze the perfect CSI case to consider the intercell interference, then extend our analysis to imperfect CSI in the next section to investigate the impact of pilot contamination. Note that the results obtained in the perfect CSI can serve as an upper bound of the performance of the systems under imperfect CSI case. We also show that the impact of system parameters on the SINR of multi-cell systems is different from those on single-cell systems.
Under perfect CSI, the ST-ZF-LE is designed as
according to different equalizer length D, which cancels all intracell interference. However, for multicell systems, the intercell interference remains. As a result, the post-processing uplink SINR of user i in cell q can be expressed as
where Z c,j,n = 
Then by applying MMM, the PDF of γ q,i is approximated as a Gamma distribution whose shape parameter κ q,i and scale parameter q,i are computed based on Theorem 1 of
Remark 4:
Making the same assumptions as for single-cell systems, the asymptotic SINR of multi-cell Massive MIMO systems with perfect CSI can be obtained as
From Eq. (60), the receive SINR again increases linearly with M for multi-cell systems with perfect CSI. However, different from in single-cell systems, SINR of multi-cell systems is limited by the intercell interference which cannot be eliminated by simply increasing transmit SNR. Moreover, the SINR is a monotonically increasing function of D when 1 ≤ D ≤ (3L − 2) for a given L as the equalizing process is independent of the channel characteristic.
D. MULTI-CELL SYSTEMS WITH IMPERFECT CSI
In practice, perfect CSI is not available for multi-cell systems.
In this section, we analyze the performance of the ST-ZF-LE in multi-cell uplink systems with imperfect CSI and reveal how the pilot contamination limits the system performance.
1) UPLINK CHANNEL ESTIMATION
Similar to single-cell systems, orthogonal pilot sequences are embedded into transmitted frames for channel estimation. However, for multi-cell systems, the same pilot sequences have to be reused in adjacent cells due to the large number of users. As a result, the channel estimates obtained using the pilot sequences are contaminated by interference from other cells, which is known as pilot contamination. Due to pilot contamination, the received symbols during the training phase of multi-cell systems are written as
with all definitions identical to single-cell training phase. Assuming the same training power p τ per pilot symbol for all users, the corresponding MMSE estimation ofḠ q is given bŷ
Eq. (62) in a vector form, we havê
where w ∼ CN 0,
Now we can see that the estimation error terms are correlated due to the pilot contamination.
2) SPATIAL-TEMPORAL ZF LINEAR EQUALIZER
For multi-cell systems with imperfect CSI, the ST-ZF-LE is
and the output symbol of the equalizer can be written as shown in Eq. (66), as shown at the bottom of the next page.
The corresponding instantaneous SINR is given bŷ
To derive the statistics ofγ q,i , it is worth noting that the interference term in the denominator now consists of correlated intercell and intracell interference components due to pilot contamination. As a result, the computation of the statistics is not as straightforward as in perfect CSI case. The following proposition allows us to find the mean and variance of 1 γ q,i .
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Proposition 3: Assuming MMSE channel estimation at the BS in multi-cell Massive MIMO uplink systems and using the same simplified channel model given in [26] where
= r c for any l, the mean and variance of 1 γ q,i for the ST-ZF-LE can be found as
E I 2 c and E I 2 uc are given in (74), as shown at the bottom of this page, and (75), as shown at the bottom of the next page. Proof: See Appendix D. By applying MMM, the PDF ofγ q,i can be approximated as a Gamma distribution whose shape parameterκ q,i and scale parameterˆ q,i are computed from combining
Theorem 1 and Proposition 3 with
Remark 5: Making the same assumptions as for single-cell systems, the asymptotic SINR of multi-cell Massive MIMO systems with imperfect CSI can be obtained as From Eq. (76), as shown at the bottom of this page, the noise, the channel estimation error and the intercell interference can be eliminated by increasing transmit SNR, the length of training sequence and M , respectively. However, the SINR is limited by the pilot contamination term which cannot be eliminated. Again, the SINR is still a monotonically increasing function of D when 1 ≤ D ≤ (3L − 2) for a given L as the signal power is uncorrelated with the noise, channel estimation error or the intercell interference.
V. SIMULATIONS
Throughout the simulation, we consider Massive MIMO uplink systems where M ≥ LK 1 and the coherence time lasts at least a frame duration. For multi-cell systems, we consider a seven (C = 7) cell system which includes the center cell and its six closest neighbors. For simulation simplicity, we set equivalent transmit power {p c,j } and training power p τ for all users. Users in a cell are assumed to be uniformly distributed between the outer radius r l = 200 m and the inner radius r h = 20m which is corresponding to a small-cell scenario. We also set r c = [12].
Based on this given channel model, the maximum channel length L for all simulations is selected to be ten since the first ten taps include more than 90% of the total dissipated energy.
First, as an empirical proof of the accuracy of Gamma approximation of the SINR of the ST-ZF-LE, we compare the Gamma approximated analytical cumulative distribution functions (CDFs) to the simulated CDFs for typical Massive MIMO uplink systems. Note that these results also represents the system outage probability which is given by eliminating region, where increasing the equalizer length D results in cancelling out more interference and the extra gained DoFs decay logarithmically as D increases by 1. (3) Saturation region, where increasing the equalizer length will not improve the system performance. Also, the simulation results are in great compliance of our theoretical analysis, which can be read from the figures. For a Gamma distributed γ i with scale parameter κ and shape parameter , the rate of the desired user i is given by show the effectiveness of Eq.(78) and the impact of different system parameters on the system performance. We can see our analytical expressions are in decent agreement with the simulation results. Also, several conclusions can be made from these simulations.
First, as the transmit SNR increase linearly in dB scale, the ergodic rate also increases linearly for single-cell systems with both perfect and imperfect CSI, which agree with the discussions in Remark 3. The performance gap between the perfect and imperfect CSI cases shows the impact of finite length training sequence. On the other hand, the ergodic rate saturates as the transmit SNR increases for multi-cell systems due to intercell interference, which agrees with our analysis in Remark 4 and Remark 5. The performance gap between perfect and imperfect CSI cases in multi-cell systems shows the impact of pilot contamination. Second, as M increases exponentially, the ergodic rate increasing linearly in single-cell systems and multi-cell systems with perfect CSI, which agree with our analyses in Remark 3 and Remark 4 that the intercell interference and estimation error both can be eliminated by increasing the number of antennas. However, the ergodic rate saturates for multi-cell systems with imperfect CSI even when M → ∞ due to pilot contamination, which agrees with our analysis in Remark 5.
Finally, increasing the equalizer length D always results in an increase in the ergodic rate. From Fig. 9 , we can see that the impact of D on the ergodic rate is identical for each scenario as the equalizing process is independent of the noise and the channel characteristic as we have discussed through Remark 1-Remark 5. Also, the ergodic rate is a monotonically 
VI. CONCLUSIONS
For Massive MIMO uplink systems, it is desired to build a receiver with inexpensive and energy-efficient components. Single-carrier based systems are more attractive for Massive MIMO compared to multi-carrier systems if high PAPR is a concern. On the other hand, for single-carrier transmission, wideband signals will experience frequency selective fading which introduces ISI. As the performance of MRC-LE will saturate at high SNR regime and it is very difficult to obtain a closed-form expression for MMSE-LE. In this paper we investigate the performance of the ST-ZF-LE which can be used to combat the ISI. The performance of ST-ZF-LE is analyzed to reveal the impact of different system parameters on the system performance which can be used in equalizer design. Our analyses have shown that the PDF of the SINR of the ST-ZF-LE can be approximated as a Gamma PDF for both single-cell and multi-cell systems with perfect and imperfect CSI. Closed-form expressions of the outage probability and the ergodic rate are also derived.
APPENDIX A RELATIONSHIP BETWEEN INVERSE-GAMMA AND GAMMA DISTRIBUTION
Theorem 1: The inverse of an Inverse-Gamma distribution with mean µ g and variance σ 2 g follows a Gamma distribution with the shape parameter κ and the scale parameter given as
Proof: This conclusion can be easily obtained from the property of Inverse-Gamma and Gamma distribution [28] . Thus, it is omitted here.
APPENDIX B PROPERTIES OF PRODUCT OF LONG RANDOM VECTORS
To derive a closed-form expression of ergodic SINR for Massive MIMO systems, we introduce some important properties [28] regarding long random vectors. 
where s = u H vu H which is independent of w. As a result, b and c are also uncorrelated.
APPENDIX C PROOF OF PROPOSITION 2
From Proposition 1, Note that for different pair of (j, l), { j,l } are independent, we can conclude that components of Z j,n are all asymptotically uncorrelated as a result of large M and we readily obtain 
APPENDIX D PROOF OF PROPOSITION 3
The estimated channel vectors of users in a particular cell are polluted by users in other cells who share the same pilot sequence such that g c,j,l =ĝ c,j,l + c,j,l = r cĝq,j,l + c,j,l .
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To derive the statistics of the SINR, we first divide the interference I as shown below: 
